We studied the magnetic properties of single-crystal Yb 2 V 2 O 7 using dc and ac susceptibility measurements, elastic and inelastic neutron-scattering measurements, and linear spin-wave theory. The experimental data show a ferromagnetic ordering of V 4+ ions at 70 K, a short-range ordering of Yb 3+ ions below 40 K, and finally a long-range noncollinear ordering of Yb 3+ ions below 15 K. With external magnetic field oriented along the [111] axis, the Yb sublattice experiences a spin flop transition related to the "three-in one-out" spin structure. By modeling the spin-wave excitations, we extract the Hamiltonian parameters. Our results confirm that although the extra inter-sublattice Yb-V interactions dramatically increase the Yb ordering temperature to 15 K, the intra-sublattice Yb-Yb interactions, based on the pyrochlore lattice, still stabilize the Yb ions' noncollinear spin structure and spin flop transition.
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I. INTRODUCTION
The search for quantum spin liquid (QSL) states in real materials is a major goal of modern condensed-matter physics [1] . For a long time, efforts have focused on twodimensional triangular [2] [3] [4] [5] and kagome [6] [7] [8] lattices hosting low-spin magnetic ions. However, recently the search has been extended to the quantum spin ice on the pyrochlores with strong quantum fluctuations. In this context, the threedimensional pyrochlore Yb 2 Ti 2 O 7 has received a lot of attention as a possible QSL candidate [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . A number of attempts have been made to extract the spin Hamiltonian of the Yb spins from experiments [9, 10, [13] [14] [15] . Recent work extracted model parameters by fitting the spin-wave excitations of Yb 2 Ti 2 O 7 in a magnetic field as measured by inelastic neutron scattering [14] , and this model has been further validated in a number of subsequent works [10, 15] . In this case, the exchange interactions between the effective spin- 1 2 Yb 3+ are of the frustrated ferromagnetic type, and a noncollinear ferromagnetic ground state is predicted. In the real material, however, the situation is more complicated. A low-temperature phase transition (T ∼ 250 mK) has been observed [11] [12] [13] 16, 21] , but the nature of this state-a true QSL or a partially understood ferromagnetic phase-is unclear at this time. But one thing is generally agreed upon: the ground state is fragile and easily perturbed by site disorder, applied magnetic field, chemical pressure, and so forth. It is therefore important to study various perturbations of the Yb sublattice.
We grew and studied single crystals of 
II. EXPERIMENTS SETUP
The single-crystal sample of Yb 2 V 2 O 7 was grown using the optical floating-zone method in a purified argon atmosphere. The starting material Yb 2 O 3 , V 2 O 3 , and V 2 O 5 powder was first mixed at a proper ratio and then prereacted in an evacuated quartz tube at 1200
• C for 40 h before growth in an image furnace. A best growth was achieved with a pulling speed of 15 mm/h. The crystals were oriented by Laue backdiffraction.
The dc magnetic susceptibility was measured with a Quantum Design dc SQUID magnetometer with μ 0 H = 0.05 T. The ac susceptibility and magnetization measurements down to 20 mK were performed on a homemade setup at SCM1 of the National High Magnetic Field Laboratory.
Single-crystal neutron diffraction was measured at the FourCircle Diffractometer (HB-3A) [26] of the High Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory (ORNL). A neutron wavelength of λ = 1.003Å was used with a bent perfect Si-331 monochromator. The data were collected at 100, 40, and 4 K and refined though the program FULLPROF-SUITE. The linear ferromagnetic structure of V 4+ was confirmed by 40 K data, and the ground-state moment of Yb 3+ was refined from 4 K data. The temperature dependence of Bragg peak intensity was measured by fixing the detector at each Bragg peak center with a temperature rising scan.
Inelastic single-crystal neutron scattering experiments were completed at the polarized triple-axis spectrometer (HB1), the cold neutron triple-axis spectrometer (CTAX) of HFIR, ORNL, and the NIST center for neutron scattering using the disk chopper spectrometer (DCS) [27] and multiaxis crystal spectrometer (MACS) [28] . The MACS experiment with a higher neutron flux gives a better resolution of spin waves, as shown in Fig. 5 . In the MACS experiment setup, a 2 g single crystal Yb 2 V 2 O 7 was aligned in the HHL plane. The spin-wave dispersion was mapped out by measuring the Q-dependent scattering in the HHL plane with different energy transfer E. We used a fixed final energy E f = 2.35 meV and varied the incident energy E i from 2.35 to 5.05 meV with 0.15 meV per step, which made E range from 0 to 2.7 meV. The instrument energy resolution was 0.0787 meV and Q resolution 0.086Å −1 [energy resolution corresponds to the elastic energy resolution, and the Q resolution corresponds to the value at Q = (111) in reciprocal-lattice space]. Data were collected at 1.5 and 40 K. The spin-wave spectrum was obtained by subtracting the 1.5 K data by 40 K data, eliminating the elastic scattering and detector background.
III. ORDERING PROCESS OF V 4+ AND Yb 3+ SUBLATTICE
The dc magnetic susceptibility χ (T ) of Yb 2 V 2 O 7 [ Fig. 1 (a)] shows a sharp transition at 70 K, followed by a field-cooling (FC) and zero-field-cooling (ZFC) divergence below 40 K, and another anomaly below 15 K. The ac susceptibility χ correspondingly shows a sharp transition at 70 K and an increase below 15 K. The imaginary part χ shows another additional broad peak around 40 K. With increasing frequency, this peak around 40 K shifts to higher temperatures while the increase at 15 K does not. It has been established that the 70 K transition in the R 2 V 2 O 7 series is a fully developed collinear ferromagnetic ordering of the V 4+ ions [22, 24, 25, 29, 30] . The 40 and 15 K features are therefore related to the development of the magnetic correlations of the Yb 3+ ions. The FC and ZFC divergence of χ , plus the frequency-dependent ac susceptibility peak of χ , shows that the 40 K feature is a cluster behavior-like short-range ordering of Yb 3+ ions. The frequency independence of the increase at 15 K indicates that this feature is a long-range ordering of the Yb sublattice.
The hierarchy of orderings is further confirmed by elastic single-crystal neutron diffraction. In Yb 2 V 2 O 7 , the (004) peak represents a lattice Bragg peak while the (002) peak is forbidden in the F d3m space group. Below 70 K, the (004) peak intensity begins to increase due to the ferromagnetic ordering of V 4+ ions, while the (002) peak intensity stays below the noise floor [ Fig. 1(c) ]. Below 40 K, the intensity of the (002) peak begins to increase, in addition to the continued increase of the intensity of the (004) peak. These behaviors signal a short-range ordering of the Yb 3+ ions, consistent with previous neutron powder diffraction studies that reported a ferromagnetic ordering of Yb 3+ ions around 30 K [24] . At 15 K, the intensity of the (002) and (004) peaks experiences a rapid increase, which is strong evidence of Yb (002) Bragg peak confirms that the Yb 3+ spins do not have a simple collinear ferromagnetic structure, but instead have additional canted antiferromagnetic components below 15 K.
Our refinement results based on the 40 and 2 K magnetic Bragg peaks further support the notion that the 15 K increase in the magnetization is due to an ordering of the Yb sublattice, yielding the zero-field spin configuration shown in Fig. 2(a) . the magnetization curve. At T = 0.6 K, the moment of each (V+Yb) approaches M c3 = 2.7μ B at 5 T. Previous study on Lu 2 V 2 O 7 [30] [111] also reveals a superlinear rise around H c1 with a peak on its derivative. The corresponding magnetizations of these two critical fields in Fig. 4(a) The spin flop process is illustrated in Fig. 2(b) . Due to the easy anisotropy of the V 4+ sublattice, all the V 4+ spins flip to the [111] direction under a small magnetic field applied along [111] (magnetization recovers 1μ B at 0.06 T). As the field increases, the Yb 3+ moments enter a "three-in-one-out" or "three-out-one-in" spin configuration around H c1 . For this Yb 3+ spin configuration, the effective spin within a tetrahedron along [111] is half the value of the full spin moment. In fact, the observed dc and ac magnetizations are very similar to those of the spin ice pyrochlore Dy 2 Ti 2 O 7 measured at 1.8 K, which is the first example showing this "three-in-oneout" state [31] . One comment is that in Dy 2 Ti 2 O 7 , with cooling temperature down to 0.35 K, the "three-in-one-out" state leads to a magnetization plateau for a field H 1 T [32] . We have not observed clear features of the magnetization plateau at 0.6 K for Yb 2 V 2 O 7 . This indicates that the spin flop transition in Yb 2 V 2 O 7 survives within a narrow field regime.
V. SPIN-WAVE EXCITATION
Next we examined the spin-wave excitations in Yb 2 V 2 O 7 using inelastic neutron scattering (INS) experiments and linear spin-wave theory. The spin-excitation spectra at 1.5 K along several high-symmetry directions within the HHL scattering plane are shown in Fig. 5 . Here, the magnetic scattering intensities contributed from the Yb 3+ ions were obtained by subtracting data taken at 40 K as background. We observe welldefined spin-wave excitations dispersing in energy between 1 and 2.2 meV.
We modeled these excitations using spin-wave theory similar to Ref. [14] , and complete details are given in the appendix. The Hamiltonian is assumed to have the form
The three terms describe the intra-sublattice interactions on the V and Yb sublattices, and the inter-sublattice interactions, respectively. Since we are primarily interested in the low-T dynamics of the Yb sublattice, we freeze the V spins into their ferromagnetic arrangement and neglect H V-V for T 70 K. We assume that H Yb-Yb is given by nearest-neighbor exchange couplings only [14] and that the effective Yb spins couple to a mean-field V spin S V via a ferromagnetic exchange coupling J Yb-V [24, 33] . The resulting effective low-T Hamiltonian is
where we have used global spin coordinates and set = 1. The intra-Yb sublattice interactions are specified by four independent exchange constants J α , α = 1, . . . ,4 (see the appendix ).
We obtain the spin-wave dispersion from Eq. (2) using linear spin-wave theory as outlined in Ref. [14] . The primary difference is that here S V plays the role of the applied magnetic field, although it has a similar effect in stabilizing the Yb magnetic order. The classical ground state of the Yb sublattice is found by minimizing Eq. (2) with respect to the spin orientation. Guided by our experimental refinement of the magnetic Bragg peaks, we assumed that the ground state does not enlarge the unit cell. The spin-wave excitations are then calculated by expanding about this solution with Holstein-Primakoff transformation, which is truncated to order s = 1/2. The values of the exchange constants J α and J Yb-V are found by fitting the resulting spin-wave dispersions to the INS data. We obtain (in meV) J 1 = −0.201, J 2 = −0.534, J 3 = −0.507, J 4 = 0.09, and J Yb-V = 0.76. These correspond to values of (in meV) J zz = 0.173, J ± = 0.076, J ±± = 0.076, and J z± = −0.314 for the intra-Yb lattice interactions in the local spin coordinates [14] . The calculations (top row, Fig. 5 ) reproduce many features of the measured spin-wave excitations (bottom row), including their overall energy and bandwidth. The measured spin-wave excitation is significantly broader than the neutron instrument resolution, however. We attribute this to lifetime effects beyond linear spin-wave theory.
The observed spin-wave excitations for Yb 2 V 2 O 7 have certain similarities to those for Yb 2 Ti 2 O 7 under magnetic fields. We observe higher-energy excitations in the former when compared to the latter under fields of 5 T [14] . Correspondingly, the obtained J values for Yb 2 V 2 O 7 , besides J zz , are larger. (As discussed in Ref. [14] , larger values of J ± , J ±± , and J z± produce higher-energy spinwave excitations.) The large positive J zz means that the strong exchange interaction in the Yb sublattice for Yb 2 V 2 O 7 is still of the same "frustrated ferromagnetic" Ising type occurring in spin ice pyrochlores [34] . The frustration related to this easy-axis anisotropic exchange interaction in spin ice pyrochlores leads to the "two-in two-out" spin configuration on a tetrahedron [35, 36] and the "three-in one-out" configuration under applied magnetic fields along the [111] axis [31, 32] We calculated the Yb sublattice magnetization M(T ) for our model within Curie-Weiss mean-field theory to determine the ordering temperature. The results [ Fig. 1(a) ] have a clear ordering temperature of ∼15 K as well as a long high-T tail extending to much higher values of T , consistent with our measurements.
VI. DISCUSSION
The noncollinear magnetic structure of Yb 3+ • . This comparison again shows that while the V-V and Yb-V interactions increase the Yb ordering temperature by a factor of 100, the Yb-Yb interactions still maintain a noncollinear spin structure with a similar canting angle. Finally, it is noteworthy that similar spin flop transitions in the [111] magnetization have been observed in Nd 2 Mo 2 O 7 [40, 41] and Sm 2 Mo 2 O 7 [42] . In both materials, the Nd(Sm)-Mo interactions are antiferromagnetic and the ground state of Nd(Sm) ions is a "two-in two-out" ordered spin ice sate, which are different from the ferromagnetic Yb-V interactions and the noncollinear magnetic ordering of Yb ions observed here.
VII. SUMMARY
In summary, our detailed studies on Yb 2 V 2 O 7 single crystals show that V 4+ ions ferromagnetically order at 70 K while ferromagnetic Yb-V interactions produce an ordering of the Yb 3+ spins at an increased temperature of 15 K. The Yb-Yb interactions, however, still stabilize a "splayed ferromagnetic state" and a "three-in one-out" spin flop transition with magnetic field along the [111] axis. Therefore, Yb 2 V 2 O 7 is a unique geometrically frustrated magnet exhibiting competition between intra-and inter-sublattice interactions. Since the classical ground state does not enlarge the unit cell, the Fourier transform to momentum space is straightforward. The spin-wave Hamiltonian H k to linear order in s has a form similar to Eq. C3 of Ref. [14] with Here, S V = S v ẑ is the mean-field V spin, which points along the z direction in global coordinates.
